Breathing high concentrations of oxygen (hyperoxia) causes lung injury and is associated with lung diseases such as bronchopulmonary dysplasia (BPD), respiratory distress syndrome and persistent pulmonary hypertension of the newborns. Hyperoxia (95-100 %O 2 ) causes DNA damage and growth arrest of lung cells and consequently cells die by apoptosis or necrosis. Although supplemental oxygen therapy is clinically important, the level and duration of hyperoxic exposure that would allow lung cells to reenter the cell cycle remains unclear. We hypothesized that cells exposed to lower concentrations of hyperoxia will retain the capacity to enter cell cycle when recovered in room air. We employed varying concentrations of oxygen (21-95 %) to determine the response of lung cells to hyperoxia. Our results indicate that cells were growth arrested and failed to reenter the cell cycle when exposed to greater than 60 % oxygen. Cell cycle checkpoint proteins were increased in a biphasic manner, increasing until 70 % oxygen, but declined in greater than 90 % oxygen. Microarray analysis shows that there is significant decrease in the abundance of Cdks 6-8 and retinoblastoma protein (Rb), p107 and p130 in exposure to 90 % oxygen for 48 h. We further tested the effect of clinically relevant as needed oxygen [(pro-re-nata (prn)] in premature infant (125-days and 140-days) baboon model of BPD. The microarray results show that 6 or 14d PRN oxygen-exposed animals had induced expression of chromosomal maintenance genes (MCMs), genes related to anti-inflammation, proliferation, and differentiation.
Introduction
Although supplemental oxygen is clearly beneficial in clinical situations, prolonged breathing of high concentrations of oxygen induces lung injury in human and animal models. Hyperoxia-induced lung damage is of great clinical interest due to the use of oxygen therapy in the care and management of infants and adults with respiratory failure. Additionally, hyperoxia (30-100 %) is frequently used in combination with volatile anesthetics such as sevoflurane for several hours in surgical procedures [1] . Animal studies have described the chronic and acute effects of elevated oxygen tension on the pulmonary alveolus [2] [3] [4] [5] [6] [7] [8] . Cell culture models using 95 % oxygen as hyperoxia are being widely used to study various aspects of cell cycle regulation. However, exposure of cultured cells to 95 % oxygen results in growth arrest of cells and cells die predominantly via necrosis [9] . Although a large amount of data has been generated using 95 % oxygen as hyperoxia, the effect of lesser concentrations of oxygen on cell cycle regulatory proteins, cell proliferation, and cell death has not been clearly elucidated. It is critically important to determine the threshold of hyperoxic exposure that would allow cells to reenter the cell cycle following withdrawal of hyperoxia. The reentry of cells to the cell cycle allows cell growth that is vital for repair of the respiratory epithelium damaged due to high oxygen concentration. Further, the degree of hyperoxia and the duration of exposure that would allow cells to recover; and conversely, the level and duration that would inhibit recovery of cells has not been clearly established.
Progression of the cell cycle requires sequential activation of cyclins and cdks that control the cell cycle transition through G1/S and G2/M phase boundaries [4] . The activation of Rb and its family members such as p107 and p130 are required for G1/S phase transition [4] . These proteins are also required for embryonic development [10] . Further, Rb and p130 are maintained in high levels in the adult lung [10] . Rb, p130, and p107 are also required for Clara and ciliated cell differentiation in mice [10] . The central and rate-limiting function in the transition from G2 into M phase is performed by cyclin B1 and cdk1 complex. The expression and activities of these proteins in hyperoxia affects entry of cells to G2 phase of cell cycle and interferes with G2/M transition. Cell cycle checkpoints, such as checkpoint kinase -1 and 2 (Chk1 & Chk2) are activated in response to DNA damaging agents including hyperoxia [11, 12] . Increased expression of transcription factor p53 and its downstream target protein p21 results in arrest of cell cycle, and increased p53 invokes a DNA repair pathway [12] . The progression of cell cycle is stopped to repair the damaged genetic material when these checkpoint proteins are expressed. In the event of extensive irreparable DNA damage, the cells are allowed to undergo apoptosis. However, contradictory data are presented in the literature regarding necrotic or apoptotic cell death in hyperoxia [9, 13, 14] .
Bronchopulmonary dysplasia is a disease of prematurity due to exposure of pre-term infants to varying oxygen tension. In contrast to lower animals such as rat or mice, primates such as baboons can be supported with varying concentration of oxygen with extreme prematurity at birth, but they do develop significant lung injury [6] . Oxygen insult during lung development in premature infants poses complications during therapy and causes significant morbidity following oxygen exposure. Because high concentrations of oxygen inhibits cell cycle progression which in turn affects lung development, it is important to determine the effect of varying concentrations of oxygen on cell cycle regulatory genes in a disease model such as BPD.
Our study is designed to test the hypothesis that exposure of cells to lower concentrations of oxygen would allow cells to reenter the cell cycle for subsequent growth in room air following withdrawal of hyperoxia.
Additionally, we hypothesize that pre-term baboons exposed to low levels of oxygen (as needed, prn) would survive due to induced expression of genome maintenance genes. Our study demonstrates that there is a marked difference in the response of cell cycle regulatory proteins to 60 or 75 % oxygen compared to 95 % oxygen in cultured lung cells. The expression of Rb, p107, and p130 is severely decreased in hyperoxia. Further, the levels of Cdk6, 7, and 8 are also significantly downregulated in hyperoxia. Whereas less than 75 % oxygen exposure retains the ability of the cells to reenter the cell cycle, the exposure of cells to 95 % oxygen inhibits reentry of cells to growth phase and is associated with significant cell death by necrosis. Additionally, using microarray analysis this study indicates that premature baboons (125-days and 140-days) exposed to varying concentrations of oxygen induce chromosome maintenance, anti-inflammatory and proliferation inducing genes.
Materials and methods

Reagents and antibodies
All chemicals were purchased from Sigma Chemical Co (St. Louis, MO). The antibodies were obtained from the following vendors: Trx, p21, and Chk1 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Chk2 antibody was obtained from Millipore (Billerica, MA); poly-ADP ribose polymerase (PARP), p53, phosphop53 (ser15), and pChk1 antibodies were obtained from Cell Signaling Technologies (Beverly, MA). Secondary HRPconjugated antibodies for various IgGs were obtained from Santa Cruz Biotechnology or Cell Signaling Technologies.
Animal experimental procedure
All animal experiments were performed according to the Guide for the Care and Use of Laboratory Animals as previously described [4] [5] [6] [7] 15] . The protocols for animal husbandry and surgery were approved by the Institutional Animal Care and Use Committee (IACUC) of the Southwest Foundation for Biomedical Research, San Antonio, Texas. Fetal baboons of 125d and 140d gestational ages (±2 days) were delivered by hysterectomy. Gestational ages were determined by timed mating as previously described (8) . Control gestational fetal baboons were immediately killed and the peripheral lung was immersed in Waymouth's medium and shipped to our laboratory by overnight mail. The 125d 14d prn and 140d 6d prn treatment groups were delivered at 125-days (125d) ± 2d and 140-days (140d) ± 2 d of gestation and immediately placed on positive pressure ventilation with an inspired oxygen tension as needed (PRN, pro-re nata) to maintain paO 2 at 60-70 torr. The FIO 2 ranged from 0.21 to 0.8 necessary to maintain PaO 2 of 60-70 mm Hg. Following treatment pentobarbital was used to kill the animals. The lungs were perfused with saline and immersed in Waymouth's media and shipped to our laboratory (University of Arkansas for Medical Sciences, Little Rock, author's previous institution).
Cell culture and exposure to hyperoxia A lung alveolar type II cell line (A549) was obtained from ATCC (Manassas, VA, USA) and grown in F-12 K media supplemented with 10 % FBS and 100 units each of penicillin and streptomycin. Cells in tissue culture dishes containing 10-12 ml of media were exposed to hyperoxia (95 % oxygen ? 5 % CO 2 ) at a flow rate of 10 L/min for 10 min in humidified modular exposure chambers (BillupsRothenburg, CA) following which the chamber was sealed and incubated in a 37°C incubator. Control cells were maintained in room air containing 5 % CO 2 (normoxia, 21 % oxygen) in a CO 2 incubator (Stericult, Forma Scientific) for 24, 48, or 72 h. At the end of the incubation, cells were either processed for total cell lysates preparation for western analysis or for flow cytometry. Exposure of cells to hyperoxia was performed in the log phase of cell growth, and cells were seeded at low density to prevent any contact inhibition at the end of the exposure period. Cells were counted using cell counter (ViCell, Beckman Coulter).
Flow cytometry A549 cells were seeded in 60 mm 2 tissue culture dishes following which dishes were exposed to normoxia (room air ? 5 % CO 2 ) or hyperoxia (95 % O 2 ? 5 % CO 2 ) for 24 h in a Heratherm tissue culture incubator with variable setting for oxygen concentrations. Cells were trypsinized and were washed twice in phosphate-buffered saline and fixed in cold 70 % ethanol until staining and analysis. For the DNA content analysis, cells were suspended in freshly prepared propidium iodide (PI) staining solution (0.1 % BSA containing phosphate-buffered saline, 0.1 % RNase A, and 50 lg/ml propidium iodide) for 30 min in the dark. Cell cycle analysis was carried out with the help of flow cytometry core facility (University of Arkansas for Medical Sciences; the author's previous institution). Data analysis was performed with ModFit LT (Verity Software House Inc., Topsham, ME).
Microarray analysis of cell cycle regulatory genes A549 cells were exposed to normoxia or hyperoxia for 24 h and RNA was isolated using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). RNA from baboon BPD lung was also isolated using RNeasy Mini Kit. We used a GEArray human cell cycle checkpoint assay kit (Super Array Inc., Bethesda, MD) for analysis of cell cycle checkpoint genes. Briefly, 10 lg of total RNA was reverse transcribed with GEAprimer mix using 5 ll (10 mCi/ml) [a-32 P] dCTP and 2 ll (50U/ll) MMLV RT (Promega, WI) at 42°C for 20 min. The reaction was stopped, and the probe was denatured at 68°C with the appropriate buffers. The labeled cDNA probe was then added to the GEArray hybridization solution and incubated for 16-18 h at 68°C with continuous agitation. The washed, wet membrane was sealed in a hybridization bag and exposed to X-ray film at -70°C until sufficient exposure was achieved. The developed spots were identified with the grid card provided in the kit.
Western analysis
Total cellular lysate was prepared in lysis buffer [50 mM Tris-HCl at pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 % Triton X-100, 50 mM NaF, 10 mM sodium pyrophosphate, 25 mM b-glycerophosphate, 1 mM PMSF, 30 lL/mL aprotinin (Sigma Chemical Company, St. Louis, MO, USA), and 1 mM Na 3 VO 4 ]. For Chk1 or phospho-Chk1 Western blotting, 30 lg of protein was resolved by 10 % SDS-PAGE and electroblotted onto a nitrocellulose membrane. The membrane was blocked in 5 % nonfat dry milk in Tris-buffered saline (TBS) containing 0.1 % Tween 20 (Bio-Rad, Hercules, CA, USA). After washes, the membrane was incubated with gentle shaking overnight with primary antibody or phosphospecific antibodies (Cell Signaling Technologies, Beverly, MA, USA) in TBS containing 0.1 % Tween 20 and 5 % BSA. Other proteins including b-actin (used as a loading and transfer control) were detected using 10-20 lg total lysate.
Statistical analysis
The statistical evaluations were performed with analysis of variance (ANOVA) in Graph Pad Prism software. ANOVA was used for analysis of more than 3 means. Where necessary post-test was performed with Tukey's test following ANOVA. The minimum number of n = 3 was employed in all experiments performed with cell culture experiments including flow cytometry. Two independent lung samples for each 125d, 125d 14d PRN samples and similar 140d samples were analyzed for the microarray analysis. A representative microarray blot is provided with tetra spots. The density of all four spots was pulled for preparation of graphs normalized to GAPDH or b-actin. The results were considered significant at p \ 0.05.
Results
Effect of oxygen concentrations and duration on lung cell growth
A vast majority of cell culture studies use 95 % oxygen to determine the effect of hyperoxia on cell growth and other metabolic parameters, and compare these data to normoxia (21 % oxygen). We determined the effect of 21, 60, 75, or 90 % oxygen exposure for 24, 48, or 72 h on cell growth to understand the threshold of oxygen level for normal cellular metabolism. We used A549 cells in our studies because it provides correlation and understanding of hyperoxia-mediated growth response in these cells in the context of extensive data already published using this cell line [11] [12] [13] [14] [16] [17] [18] [19] [20] [21] . As shown in Fig. 1a , cell growth was linearly increased over time in room air (21 % oxygen) as expected. Exposure of cells to 60 % oxygen for 24, 48, or 72 h significantly decreased the cell growth at all time points. However, there was a significant increase in cell number between 24 and 48 h. In a similar manner cell growth was significant from 48 to 72h, demonstrating that cells retain the capacity to grow, albeit with reduced propensity. When the cells were exposed to 75 % oxygen there was no significant growth of cells from 24 to 72 h exposure, demonstrating that the ability to undergo cell division was arrested in 75 % oxygen exposure. Finally, we exposed cells to 90 % oxygen for 24, 48, or 72 h. As shown in Fig. 1a , the cell number was significantly decreased compared to 75 % oxygen-exposed cells, and there was no significant difference in cell numbers in 24, 48, or 72 h, demonstrating severe growth inhibition and cell death in 90 % oxygen exposure at all time points.
Next, we determined the potential of cells to recover in room air after exposure to a specific level and duration of oxygen. As demonstrated in Fig. 1b , cells exposed to 60 % oxygen for 24 or 48 h were able to recover in room air with significant increase in cell number. However, cells exposed to 72 h of 60 % oxygen showed decreased proliferation in room air with no significant increase of cells in 72 h compared to 24 h, demonstrating that prolonged duration of 60 % oxygen exposure affects the proliferation potential of cells. As shown in Fig. 1c , recovery of cells in ambient air previously exposed to 75 % oxygen for 24, 48, or 72 h showed significant decrease in cell growth. Cells exposed to 24 h in 75 % oxygen were significantly increased when recovered for 48 h in room air. In contrast, there was no difference in cell numbers between 48 and 72 h exposure in room air, suggesting that the growth potential of 75 % (24 h) oxygen-exposed cells decreased over time. Further, as shown in Fig. 1d , the recovery of cell growth was drastically reduced in cells exposed to 90 % oxygen for 24, 48, or 72 h. We next determined whether oxygen levels lower than 60 % modulate cell cycle progression.
Effect of levels and duration of hyperoxia on cell cycle progression
To understand the effect of clinically relevant concentrations of oxygen on progression of cell cycle, we exposed cells to 21, 30, 45, 60, 75, or 90 % oxygen and determined the number of cells in G1, S, or G2. As shown in Fig. 2a , there was no change in the number of cells in G1 from 21 to 45 % oxygen exposure. However, the G1 population of cells was decreased in a consistent fashion from 45 to 90 % oxygen exposure, with significantly fewer number of cells in G1 in 90 % oxygen. Further, analysis of S-phase cell population show that cells exposed to 60 or 90 % oxygen accumulate in S-phase demonstrating a S-phase arrest of cell cycle in these concentration ranges (Fig. 2b) . In addition, the number of cells was significantly increased in 90 % oxygen in G2, demonstrating a G2 cell cycle arrest in cells exposed to 90 % oxygen (Fig. 2c) . Analysis of Sub-G 0 phase (indicator of apoptosis) show that cells exposed to 30 or 45 % oxygen underwent significant apoptosis compared to 60 to 90 % oxygen exposure (Fig. 2d) . These data show that cells might be dying by necrosis in the high concentration of oxygen, but the apoptotic mode of cell death occurs at lower concentrations of oxygen. Exposure of cells from 21 to 45 % oxygen did not cause significant change in the growth or cell cycle progression of A459 cells in culture. Since exposure of cells to 45 % oxygen and above resulted in perturbations in cell cycle progression, we next determined the response of critical cell cycle transition and checkpoint proteins in various levels of hyperoxia.
Effect of levels and duration of hyperoxia on cell cycle and checkpoint proteins
We determined the effect of various levels of oxygen on the critical cell cycle regulatory proteins and checkpoint proteins expression to understand the mechanisms of b Fig. 1 hyperoxia-mediated growth arrest of cells. As demonstrated in Fig. 3a -b, the expression of pChk1 and pChk2 were increased in hyperoxia indicating the activation of checkpoint proteins. Additionally, the expression of p53 was also increased with increasing concentrations of oxygen Fig. 3e-f . Further, the expression of proteins that control the transition of cells from G2 to M phase such as p34 cdc2 and Cdc25C was increased in hyperoxia ( Fig. 3g-j) . However, the expression of Cyclin B1 was decreased.
On close examination, when we plotted the relative densities of proteins, we found that pChk2 or pChk1 was increased until about 50-60 % oxygen exposure, but sharply declined at 90 % oxygen exposure (Fig. 3m, n) . In contrast, the expression phospho-p53 was continuously increased in 30-80 % oxygen (Fig. 3o) . This increase was maintained at similar level as 90 % exposure (Fig. 3p) . The expression of p53 and the p-p53 (Ser15) increased until 50 % oxygen exposure, and after that it maintained at same level as 90 % oxygen exposure (Fig. 3p) . The expression of p21 that is a p53-dependent protein increased until 60 % exposure, but declined at 90 % exposure (Fig. 3q) . These data show that the severity of hyperoxia determines whether the cells would undergo apoptosis or induce DNA repair pathway. For example, 90 % oxygen exposure could cause irreparable DNA damage requiring cells to undergo apoptosis or necrosis rather than a halt in cell cycle for repair of genetic material. Further, the proteins of G2 checkpoint control such as p34 cdc2 and Cdc25C were increased until 50-70 % oxygen exposure, but are sharply declined in cells exposed to 90 % oxygen, suggesting that G2 control is lost in 90 % hyperoxia (Fig. 3r, s) . However, the sharp decline in cyclin B1 expression occurred in cells exposed to as low as 30 % oxygen, and this decline continued to 90 % exposed cells (Fig. 3u) . Because threshold levels of cyclin B1 is necessary for the formation of maturation promoting factor (MPF) [22] , our data show that G2 transition is affected in as low as 30 % hyperoxia, and cells would accumulate in G2 phase as shown in our flow cytometric analysis (Fig. 2) . Next, we determined the response of cell cycle regulatory genes in response to the most commonly used oxygen concentration of 95 % using microarray analysis.
Microarray analysis of cell cycle regulatory gene in hyperoxia
We analyzed the expression of cell cycle regulatory genes using a 112-gene cell cycle microarray (Super Array Inc.,) after exposure of cells to 95 % oxygen for 25 h (Fig. 4a,  b) . We found that the genes related to checkpoint control, apoptosis, or proliferations are differentially regulated at the level of 95 % oxygen. This study demonstrates that hyperoxia decreases the expression of Rb, p107, and p130 proteins (Fig. 4c) , suggesting that lung epithelial cell differentiation could be compromised in high oxygen concentration, which could impair the recovery of lung cells following hyperoxia [10] . Additionally, the expression of cyclin B1 was decreased and the expression of p21, bax, and Gadd45 were increased in hyperoxia (Fig. 4d) . As shown in Fig. 4e , our results show that the expression of cdk6, cdk7, and cdk8 were significantly decreased in cells exposed to hyperoxia. Because p21 activation inhibits cell cycle progression at G1/S boundary, we next determined whether recovery of cells in hyperoxia dependent on modulation of p21 expression.
The expression of p21 does not decrease in cells recovered following 90 % oxygen exposure, but decreases in cells exposed to 75 % oxygen Our cell cycle data (Fig. 1d) shows that cells exposed to 90 % oxygen followed by recovery in the room air do not show any increase in cell number. However, cells exposed to 75 % oxygen followed by recovery in room air result in increased cell numbers. We reasoned that p21 expression could be a limiting factor in the recovery of cells due to either 90 or 75 % oxygen exposure. As demonstrated in Fig. 5a , b the expression of p21 remains elevated in cells exposed to 90 % oxygen for 48 h followed by recovery in room air for 24 h. The expression of p21 was increased in exposure of cells to 48 h in 75 % oxygen; however, the expression of p21 declined when these cells were recovered in room air for 24 h (Fig. 5c, d ). These data show that the threshold of oxygen concentration for reentry to cell cycle should be 75 % or lower for A549 cells. In contrast, 90 % oxygen exposure does not allow recovery of cells in room air due to increased expression of p21 during room air recovery. The expression of p34 cdc2 decreased in cells exposed to hyperoxia, however, the level was restored in recovery in room air Since G2 transition is dependent on threshold of cyclin B1 and Cdk1 (p34), we determined whether recovery in room air would depend on the levels of cyclin B1-Cdk1. Cyclin B1 expression was decreased in a dose-dependent manner beginning with 30 % oxygen exposure, and expression is completely lost in 90 % oxygen. Further, the phosphorylation of p34 cdc2 was maximal in 75 % oxygen ( Fig. 4g-i ), but the level was sharply declined in 90 % oxygen. As demonstrated in Fig. 6 , exposure of A549 cells to hyperoxia down regulated the p34 protein expression. However, when cells were returned to normoxia for 48 h, p34 protein levels began to recover suggesting that the decrease in p34 protein in hyperoxia is a reversible process (Fig. 6a, b) . These results suggest that although hyperoxia profoundly affects MPF expression, cells recovered in room air could progress to M phase, but the expression of cyclin B1 could be a limiting factor.
Microarray analysis of cell cycle regulatory genes in baboon BPD
Although extremely premature primates could be managed with prolonged supplemental oxygen inspiration they invariably develop severe lung injury and subsequent morbidity. We previously reported that p53, p21 and cyclins, or cdks are upregulated in baboon model of BPD in response to ''prn'' oxygen [4, 5] . Based on our findings with lower levels of oxygen exposure, we hypothesized that these premature primates would survive due to increase response to genome maintenance genes as that would prevent DNA damage-related Fig. 4 Microarray analysis of 112 cell cycle genes in hyperoxia: a Autoradiogram showing response of cell cycle regulatory genes in normoxia and hyperoxia. We used a GEArray human cell cycle checkpoint assay kit (SuperArray Inc, Bethesda, MD 20827) for analysis of cell cycle checkpoint genes. The hybridization and detection were performed as described in the materials and methods section. a Cells exposed to 95 % oxygen for 48 h; b cells in room air for 48 h; c relative density of Rb, p107 and p130 proteins; d relative abundance of Cdk6, cdk7, and cdk8; e relative abundance of cyclin B1, p21, Gadd45, and Bax apoptosis of the lung cells. The lung cells could be growth arrested during the exposure, but would enter the cell cycle after withdrawal of hyperoxia that would allow them to continue lung development. Therefore, we used two gestational ages, 125d and 140d baboons (baboon term delivery 185 ± 2d) either exposed to normoxia or 6-14 days of as needed oxygen (varies from 30 to 80 %) to determine relative response of lung to cell cyclerelated genes. As shown in Fig. 7a, b and e the most pronounced expression of MCM6, p16, p19A, and UBC genes occurs in 125d 14d PRN oxygen-exposed animals compared to GC animals. Additionally, as shown in Fig. 7c-d and f, the expression of MCM4, MCM6, p16, UCB, TIMP3, Cyclin D, and E2F4 was increased in 140d 6d animals compared to 140d GC animals. We did not observe any increase in other cell cycle regulatory proteins as shown in A549 cells exposed to 95 % oxygen for 48 h (Fig. 4) . These data show a significant difference in the response of lungs to lower concentrations of oxygen when compared with cell culture studies that employ high concentration of oxygen.
Discussion
Our study demonstrates that cells exposed to greater than 60 % oxygen are growth inhibited and fail to reenter the cell cycle. In contrast, cells exposed to less than 60 % oxygen are capable of reentering the cell cycle and continue to grow in ambient air. Baboons of different gestational ages with varying concentrations of oxygen induce chromosome maintenance, proliferation, and anti-inflammatory genes that enable them to survive the oxygen insult.
We show that cells undergo division and grow in 60 % oxygen for 24, 48, or 72 h, but with decreased efficiency. After exposure to 60 % oxygen these cells reenter the cell cycle when maintained in room air. However, the growth of cells exposed to 75 % oxygen is significantly retarded, and these cells grow very slowly in room air after exposure to 75 % oxygen. Cells exposed to 90 % oxygen are severely growth inhibited and fail to recover. We show that progression of the cell cycle continues following 30 or 45 % oxygen exposure for 24 h. Conversely, cells were arrested in S and G2 phases when exposed to 60-90 % Fig. 5 Effect of oxygen exposure and recovery on cyclin-dependent kinase inhibitor p21 expression: A549 cells were exposed to 75 or 90 % oxygen followed by recovery for 24, 48, or 72 h in room air (RA). a P21 expression was analyzed in the cell lysates.
b Densitometry or p21/b-actin ratio. **Significantly higher compared to 21 % oxygen-exposed cells; *Significantly lower that 75 % oxygen-exposed cells for 48 h were increased in 30-75 % oxygen exposure, but declined in 90 % oxygen. Further, the expression of p53 increased consistently until 60 % oxygen, after which it remained elevated at a level similar to 90 % oxygen. Using a microarray analysis of cell cycle regulatory genes we demonstrate for the first time that the expression of cdk5, cdk6, and cdk7 are severely decreased in 90 % oxygen in addition to Rb, p103, and p107. Further, we show for the first time that in severely premature infant baboons exposed to 6d prn oxygen showed increased expression of MCM4, UBC, E2F, and p16 expression. The premature 140d baboons exposed to prn oxygen for 6-days increased expression of MCM4, MCM6, p16, UCB, TIMP3, Cyclin D3, and E2F4. Rb and its associated proteins, p107, and p130, form complexes in quiescent cells with the E2F family of transcription factors [23] . Phosphorylation of Rb and p130 releases E2F proteins, which then act as transcription factors for G1/S phase genes [23] . The amount of Rb and its associated proteins p107 and p130, as well as the extent of phosphorylation, is crucial for progression of cells toward the G1/S phase transition. The fact that hyperoxia decreases the expression of these proteins suggests that protein levels may be a limiting factor for cell cycle progression. Additionally, Rb is an essential regulator of lung epithelial development [10] that underscores the importance of decreased Rb levels in epithelial repair following hyperoxia. In support of this idea, we found that premature infant baboons in respiratory distress have decreased levels of Rb [24] . Additionally, Rb family proteins are also required for the differentiation of lung epithelial cells such as clara and ciliated cells [10] . Loss of Rb in hyperoxia in premature infants could compromise cellular differentiation impairing lung function during recovery and beyond. Previous reports have noted decreased expression of cyclin B1 protein in cells in hyperoxic environments [4, 5, 21] . Our microarray analysis shows that hyperoxia decreases the mRNA expression of cyclin B1. Because threshold levels of cyclinB1 are required for G2/M phase transition of the cell cycle, the loss of cyclin B1 in hyperoxia could be a limiting factor in hyperoxia-mediated growth arrest of cells. Cdks 6-8 activates various cyclins by binding to them once the threshold level of cyclin synthesis is achieved [23] . A decrease in either cdks or cyclins would adversely affects Fig. 7 Microarray analysis of 112 cell cycle regulatory genes in 125d GC, 125d 14d PRN,and 140d GC, 140d 6d PRN BPD models: Premature infant baboons were delivered and exposed to PRN oxygen (pro-re nata) for 6 or 14 days as described in our previous publication [2, 3] . RNA was isolated and microarray analysis was performed as described in the experimental procedure. a Autoradiogram of tetraspot microarray (SuperArray Biosciences) of 125d GC and b 125d 14d PRN baboon; c autoradiograph of 140d GC and d 140d 6d PRN baboons. The average tetra-spot density was normalized to GAPDH density, and the graphs were plotted e 125d GC & 125d 14d PRN; f 140d GC & 140d 6d PRN baboons. The experiment was performed on two independent microarrays, and the result reported using two tetra-spots of microarray the kinase function of cyclin-cdk complex, which in turn, would retard cell cycle progression. Our microarray data show for the first time that Cdk6, cdk7, and cdk8 are decreased in hyperoxia possibly contributing a major mechanism of cell growth arrest in hyperoxia.
We employed cell lines to test the hypothesis that lower concentrations of oxygen exposure would permit cells to reenter the cell cycle. As an extension of this hypothesis applied to a disease state, we hypothesized that pre-term baboon lungs exposed to low oxygen concentrations would induce genome maintenance genes likewise permitting reentry into the cell cycle. Although the majority of cell culture experiments employ 95 % oxygen exposure to study hyperoxia-mediated growth arrest, it is unknown how lower concentrations of oxygen affect cell growth and cell cycle transitions. Mostly, humans are exposed to lower concentrations of supplemental oxygen for treatment of adult respiratory distress syndrome (ARDS), bronchopulmonary dysplasia (BPD), or other obstructive or restrictive lung diseases. Moreover, countless patients worldwide undergoing general anesthesia are exposed to brief periods of 100 % oxygen administration prior to anesthetic induction and during anesthetic emergence. Likewise, varying oxygen concentrations are employed perioperatively to maintain hemoglobin oxygen saturation and enhance tissue oxygen delivery. In previous studies, using a baboon BPD model, we have shown that cell cycle checkpoint proteins, cyclins, and cdks are modulated in PRN oxygen exposures ranging from 30 to 70 % [4] . In the present study, we found that at lower levels of oxygen exposure the cell cycle checkpoint proteins such as Chk1 or Chk2 are increased (up to 60 % oxygen exposure), after which the level of these proteins sharply declines to a minimal level found at 90 % oxygen concentration. These data are consistent with our cell cycle data demonstrating that cell cycle arrest occurs following 45 % oxygen exposure, and that cells continue to be growth arrested in 90 % oxygen. Further, exposure of cells to 90 % oxygen decreased the cell number to 50 % of the cell number of cells in 21 % oxygen reflecting significant cell death in 90 % oxygen. Moreover, there was very little apoptosis seen in cells exposed to 90 % oxygen demonstrating that necrosis is likely the major mode of cells death following 90 % hyperoxia exposure. These data confirms the study of Kazzaz et al. [13, 14] . However, the apoptotic mode of cell death was increased in cells exposed to 30 or 45 % oxygen.
Previous studies have shown that in baboon BPD (125d and 140d) the expression of p21 and p53 protein increases in 6d prn exposed animals [5] . In our microarray analysis we observed that MCM6, UBC, p19A, and p16 expression are increased in 125d 14d prn model, whereas the expression of MCM4, MCM6 TIMP3, UBC, p16, and E2F4 is increased in 140d 6d prn exposure. E2F family of transcription factors are involved in gene regulation of proliferative genes. Studies have shown that this factor is required for normal development of airway epithelium in mice [25] . MCM4 and MCM6 essentially function as DNA helicase to unwind the DNA duplex at the replication forks [26] . Therefore, MCM proteins are important for chromosomal integrity. Our data show that in more premature BPD (125d) MCM6 is increased whereas in 140d animals both MCM4 and 6 are increased. These data suggest that more premature animals have decreased potential to increase these important chromosome maintenance proteins. This could contribute to the loss of genetic integrity in hyperoxia. Our data demonstrate that hyperoxia induces the E2F4 gene in the baboon lung in 140d prn oxygen, but not in 125d prn oxygen, suggesting that more premature baboons fail to respond to increase E2F4 in hyperoxia. This could result in decreased airway ciliated cells [25] . UBC is required for fetal development as UBC knockout mice die in utero [27] . The role of UBC in the lung development remains unknown. Our data show that UBC is strongly induced in the 140d prn animals compared to 125d 14d prn animals, demonstrating that oxygen positively regulates this protein. Severely premature baboons could be more sensitive to prn oxygen due to lack of adequate UBC. The expression of p19A, also known as S-phase kinase 1A, is increased in 125d 14d prn group, which could degrade G1 cyclins and cdks [28] . The expression of TIMP3 is increased in 140d 6d prn baboons compared to GCs. However, there was no change in the expression of TIMP3 in 125d 14d prn animals compared to GCs. Studies have shown that the level of TIMP3 does not change in bleomycin-induced acute lung injury [29] . TIMP3 is expressed in the lung and is stored in the lung matrix [30] . Upregulation of TIMP3 is associated with decreased lung inflammation in addition to decreasing MMPs [29] . Our data suggest that 140d prn exposed baboons had higher levels of TIMP3 that would decrease the lung inflammation in these animals compared to 125d animals in 6d prn. Taken together, our microarray data reveals that severely premature baboons (125d) respond differently to 14d prn oxygen compared to 140d animals in 6d prn.
